Control over thrombin activity is much desired to regulate blood clotting in surgical and therapeutic situations. Thrombin-binding RNA and DNA aptamers have been used to inhibit thrombin activity and thus the coagulation cascade. Soluble DNA aptamers, as well as two different aptamers tethered by a flexible single-strand linker, have been shown to possess anticoagulant activity. Here, we link multiple aptamers at programmed positions on DNA nanostructures to optimize spacing and orientation of the aptamers and thereby to maximize anticoagulant activity in functional assays. By judicious engineering of the DNA nanostructures, we have created a novel, functional DNA nanostructure, which is a multi-aptamer inhibitor with activity eightfold higher than free aptamer. Reversal of the thrombin inhibition was also achieved by the use of single-stranded DNA antidotes, thus enabling significant control over blood coagulation.
DNA nanotechnology has evolved very rapidly in the past decade. DNA nanostructures have grown both in size and in complexity over time -from the tile-based structures [1] [2] [3] [4] [5] to the origami-based structures. [6] [7] [8] Tile-based nanostructures involve multiple, short, synthetic oligonucleotide strands that selfassemble due to highly specific Watson-Crick pairing between DNA bases. These tiles have proved to be very stable and rigid, mostly owing to the presence of multiple Holliday-junction-like crossovers linking together axially parallel DNA double helices.
1,2 These tiles have then been used to form a broad range of one-and two-dimensional periodic lattices. 2-5 , 9 A few finite-sized three-dimensional structures have also been synthesized using tile-based designs. 10 However, a much higher degree of complexity can be achieved by using origami-based approaches in which a long DNA scaffold strand (typically biosynthesized) is folded into desired two-or three-dimensional shapes by using hundreds of short, synthetic DNA staple strands. [6] [7] [8] These origami structures also attain shape and structural rigidity due to their rigid double-helical domains being tied together by crossovers.
A new building-block design, known as the weave-tile strategy, 11 was recently reported. (This strategy was independently conceived but not experimentally tested several years ago. 12 ) This strategy requires only 2 DNA strands and avoids the use of crossovers, thereby allowing greater structural flexibility to the DNA nanostructure without compromising stability. The sequences are designed such that they weave back and forth to mimic the strand routing of the origami architectures, thereby forming a weave-like tile with rigid double-helical domains tethered to neighboring domains by flexible single-stranded -TTTT-loops (Figure 1, D) . A major goal of DNA nanotechnology is to use DNA nanostructures for precise positioning of proteins, 3 nanoparticles, 13 and other functional molecules, such as aptamers 14 on two-dimensional or three-dimensional templates.
Aptamers are short oligonucleotides (DNA or RNA) that fold into a specific three-dimensional shape; they are isolated by in vitro selection procedures and can display very high specificity and affinity for the target molecules against which they were selected. [15] [16] [17] Thrombin is a multifunctional serine protease and a key component of the blood coagulation cascade. It catalyzes many coagulation-related reactions, including the conversion of soluble fibrinogen to insoluble fibrin and activation of platelets, during blood clot formation. 18 Regulation of thrombin activity by thrombin-specific inhibitors can play a crucial role during surgical procedures and in the treatment of patients with arterial and venous thromboembolism. 19 Thrombin inhibition can be achieved by blocking 2 substrate binding sites, known as exosites I and II (Figure 1, A) . Exosite I helps convert fibrinogen to fibrin, whereas exosite II is the heparin binding site and is important for thrombinplatelet interaction. 18 Several direct thrombin inhibitors that block the enzymatic active site are currently available for clinical use. However, most of them have either harmful side effects or suffer from narrow therapeutic windows. 20 Nucleic acid aptamers, on the other hand, offer a safe and convenient alternative for anticoagulation because they are nontoxic, their bioavailability can be adjusted through chemical modifications, and they are nonimmunogenic. 21 Moreover, aptamer anticoagulation activity can be controlled by a specific antidote -an oligonucleotide with a sequence complementary to the aptamer sequence. WatsonCrick base-pairing between the aptamer and antidote disrupts the tertiary structure and thus the function of the aptamer. 22 Currently, an FIXa anticoagulant aptamer-antidote pair is being developed as an intravenous anticoagulant for clinical use during surgery. [23] [24] [25] [26] Aptamer HD1 (referred to as Aptamer A in this study) binds to exosite I and has significant anticoagulation activity in clinical clotting assays (Figure 1, B) . 17, 20 Aptamer 60.29 (referred to as Aptamer B in this study) binds to exosite II and has very high affinity for the thrombin molecule, 20 but it is not a good inhibitor in plasma clotting assays (Figure 1, C) . In the absence of Aptamer B, Aptamer A forms a complex with 2 thrombin molecules, binding to the exosite I of and inactivating one of the thrombin molecules, whereas binding the other thrombin molecule through exosite II which mainly neutralizes the negatively charged backbone of the aptamer. 27 However, when a copy of Aptamer B is also present, this complex is not formed because of the much higher affinity of Aptamer B for exosite II. 20 It has been demonstrated that when these 2 aptamers are linked via a singlestranded DNA (ssDNA) linker, the resulting construct has much higher affinity and anticoagulation activity. 20 However, the ssDNA is a very flexible linker, and because it is structurally disordered, it provides no orientation control and allows for a wide range of possible end-to-end distances. For a bivalent construct, such a high degree of flexibility leads to entropic limitations on effective binding to the target molecule. The affinity and thus anticoagulant activity should improve if a linker platform is used that provides greater conformational control of the aptamers. A previous study demonstrated distance-dependent thrombin binding when Aptamers A and B were appended to rigid, multicrossover DNA tiles 14 ; however, anticoagulant activity was not monitored. Such conformationally rigid, polyvalent entities may overcome entropic limitations; however, they can lead to enthalpic limitations. In cases where the linker is too rigid, even small spatial mismatches between the aptamers and their binding sites will result in diminished binding. 28 Here we demonstrate the use of a DNA weave-tile, which is expected to display intermediate flexibility between ssDNA and DNA crossover tiles. We propose that the flexibility of weavetiles enable them to conform more closely and bind more tightly to the thrombin surface, which is known to bear positive charges on surface residues between the exosites. 18 The ability to conform to the protein surface and electrostatic attractions would be expected to increase the overall affinity between thrombin and the aptamer-tile construct and hence the anticoagulation activity. Moreover, it is possible to control distance between the 2 aptamers as well as the relative orientation of aptamers using the weave-tile as a platform to find a highly effective anticoagulant.
Methods

DNA strands and tile formation
Synthetic oligonucleotides were purchased from Integrated DNA Technologies (Coralville, Iowa) in unpurified form and used without further processing. The sequences of all the DNA strands used in this study are provided in the Supplementary Material, available online at http://www.nanomedjournal.com. Tiles were formed by annealing stoichiometric mixtures of the 2 strands in a buffer consisting of 20 mM HEPES (pH 7.4), 150 mM NaCl and 2 mM CaCl 2 . The annealing concentration of each participating strand was 10 μM. Annealing was performed by incubating the sample in a beaker containing boiling water and letting it stay at the bench top for 90 minutes, followed by incubation of the entire beaker at 4°C for 30 minutes.
Weave-tile structures and nomenclature
The weave-tile architecture can be constructed with any number of helical domains, each 16 bp long (a turn and a half of double helix), connected on the helix ends by ssDNA -TTTT-loops (PAGE gels showing tile formation are shown in Figures S1, S2, and S3 of the Supplementary Material). A weave-tile constructed with three helical domains is thus referenced as 3HT (Figure 1, D) . The two 5' and two 3' ends of the oligonucleotide chains, located at the four corners of the tile, can then be utilized to position aptamers. Depending on the design, a portion at the end of the participating ssDNA folds into aptamer and the remaining portion is folded (hybridized) using the other DNA strand to form the double-stranded sections of the weave-tile. In cases where there are two aptamers on the same strand, they both fold individually while annealing and the region flanked by them is folded using the other constituting strand of the weave-tile. For naming the various configurations, available positions are numbered as shown in Figure 1 , D and we adopted tile names, such as 3HT-XXXX. Here, depending on the position of the aptamers, X would be replaced by A or B (when the tile has Aptamer A or Aptamer B at that position), or n (when there is no aptamer). Aptamer A is connected to the tile via a 7-bp stem and an ssDNA -TT-spacer. 11 In a control sample with two noncomplementary strands, each bearing a different aptamer, the system is named 3HT-NC (no conformation) because no tile is formed.
Nondenaturing polyacrylamide gel electrophoresis
Gels contained desired amount of acrylamide (19:1, acrylamide:bisacrylamide) in a buffer consisting of 40 mM Tris acetate (pH 8.0), 2 mM EDTA, and 12.5 mM magnesium acetate (TAE/Mg ++ ). The annealed sample was mixed in equal volume with tracking dye containing TAE/Mg ++ , 50% glycerol, and 0.2% each of Bromophenol Blue and Xylene Cyanol FF. Gels were run on a Hoefer SE-600 electrophoresis unit at 10 V/cm and cooled via circulating water bath at 4°C. The gels were then stained with ethidium bromide and imaged using an AlphaImager (Alpha Innotech, San Leandro, California).
Coagulation assay
A model ST4 coagulometer (Diagnostica Stago, Parsippany, New Jersey) was used to run an activated partial thromboplastin time (aPTT) assay to test the clotting time for each sample. Reagents include normal pooled human plasma from George King Bio-Medical (Overland Park, Kansas), as well as a CaCl 2 solution and TriniClot aPTT reagent from Trinity Biotech (Bray, Wicklow, Ireland). 50 μL plasma was activated by adding 50 μL TriniClot aPTT reagent and incubated at 37°C for 5 minutes, followed by addition of 16.67 μL of 10 μM sample/control buffer and a further incubation for 5 minutes at 37°C. Clotting was initiated by addition of 50 μL CaCl 2 solution so that the final aptamer concentration was 1 μM. All the tests presented here were conducted at the same final concentration of Aptamer A, unless otherwise stated. The machine automatically measured the time until clot formation after the addition of CaCl 2 and the clotting times were recorded and compared. Each test was conducted in triplicate to ensure reliable results. All data presented in this study (except data for the timecourse study) are the averages of tests conducted on at least 2 different days. The data for each sample are represented as the average of all the clotting times for the sample obtained over all the conducted tests. The error bars represent the standard error of the mean (SEM).
Anticoagulation reversal using antidotes
For the antidote experiments, the plasma was activated and treated with aptamer as described above. The necessary amount of antidote was subsequently added to achieve the desired antidote/aptamer ratio, and the reaction was further incubated for 5 minutes at 37°C before CaCl 2 addition. The aptamer and antidote concentrations were adjusted for dilution caused because of addition of the antidote. For the antidote time-course study, the time points listed indicate the time between antidote addition and assay initiation with CaCl 2 .
Residual activity calculation
The residual activity of aptamer after time t is calculated against the activity of aptamer after 5 minutes incubation as follows:
Here, T is the clotting time in seconds. Similarly, the residual activity of antidote-aptamer system is calculated as follows:
For free Aptamer A studies, buffer was used as control. However, for 2HT-BnAn tile, 2HT-Bnnn was used as control.
Results
Comparison of anticoagulant activity of the weave-tile with ssDNA
To determine the effectiveness of the weave tile as a linker compared with ssDNA, the anticoagulant potential of 3HT-BnAn was compared with a variety of aptamer-ssDNA constructs using aPTT coagulation assay. The assay revealed that the addition of a DNA tail to Aptamer A led to higher clotting time in comparison with free-floating aptamer (Figure 2,  A) . Despite possessing weak anticoagulant activity on its own, Aptamer B displayed an additive effect on clotting time when mixed with Aptamer A along with their noncomplementary tails (3HT-NC). In addition, the clotting time showed an increase when the two aptamers were connected via an ssDNA linker. However, by simply adding the complementary strand to form the weave tile, 3HT-BnAn demonstrated significant increase in coagulation time (Figure 2, A) .
Effect of local concentration of Aptamer A on anticoagulation
After determining the efficiency of the weave tile as a delivery platform, the intent was to maximize the anticoagulant potential of the system by increasing the local concentration of aptamer available for presentation to thrombin. Multiple Aptamer A structures were appended at the corners of the tile to increase the likelihood of re-binding to exosite I in the event of dissociation. Clotting assays conducted with tile concentration normalized to 1 μM demonstrated a significant increase in clotting time with addition of each copy of Aptamer A (Figure 2,  B) . However, to account for the increase in Aptamer A concentration when normalizing the tile concentration, another assay was performed with samples normalized at 1μM for Aptamer A. This assay revealed only modest increases in clotting time between samples with increasing copies of Aptamer A (Figure 2, C) .
Optimum tile and optimum configuration
To identify optimal spacing between Aptamer A and B, the number of helices in the tile and the relative orientation of the two aptamers along the tile were manipulated to provide varying control over inter-aptamer distance. Several weave-tiles were designed from one-helix tiles (1HT) to five-helix tiles (5HT), as illustrated in Figure S2 in the Supplementary Material. Tiles 2HT to 5HT were tested in three different configurations whereas 1HT was tested in two, due to the symmetry caused by the single helix. A control tile containing no aptamers and the control sample with no conformation were tested as well. Although a gradual increase in clotting time was observed from 1HT to 3HT, coagulation time differences were largely indistinguishable among 3HT, 4HT and 5HT configurations (Figure 3) . The sole exception was 4HT-BnAn, which demonstrated a sharp peak in coagulation time in comparison with all other structures (Figure 3 ).
Antidote studies
After establishing the effectiveness of the tile as a linker, it was vital to demonstrate that the ability to reverse the anticoagulant activity of the aptamers using antidotes was not hindered by linking them to the weave-tile. To determine the most efficient antidote, three short strands complementary to various sections of Aptamer A were developed (Figure 4, A) . 2HT-BnAn was used as a representative tile for studying antidote reactivation of thrombin because its constituent strands are shorter and therefore less expensive to use in comparison with larger tiles. Once the parameters like antidote-to-aptamer ratio and time needed for anticoagulation reversal are optimized, antidotes can also be tested and used with the other weave-tiles. Different antidote-to-aptamer ratios were tested to determine what antidote concentration completely reverses the anticoagulant activity of Aptamer A. Figure 4 , B shows that residual anticoagulant activity is already greatly reduced at a 1:1 antidote-aptamer ratio and decreases to only 5% residual activity at a 2:1 ratio.
Time-course study
The degradation of aptamer and antidote efficiency over time was analyzed. Normal aPTT protocol dictates that the DNA samples are incubated for 5 minutes at 37°C. To observe temporal residual anticoagulant activity progression, time-course studies on free-floating Aptamer A and 2HT-BnAn were conducted over a span of two hours at 37°C. The results indicate that the anticoagulant activity of Aptamer A decreases rapidly and only about 30% of the initial activity remains after 2 hours (Figure 4, C) . On the contrary, 2HT-BnAn remains much more stable in delaying coagulation and still retains over 70% of its initial activity after 2 hours. A similarly designed study was conducted to observe the relationship between time and antidote effectiveness. The results demonstrated in Figure 4 , C show that all 3 antidotes attached to 2HT-BnAn largely maintained a residual activity level of less than 10% even after 2 hours. However, antidote bound to free-floating aptamer gradually lost effectiveness over the total time period as Aptamer A regained significant residual anticoagulant activity.
Discussion
The effect of different molecular contexts on anticoagulant activity was measured using a standard concentration of 1μM Aptamer A (Figure 2, A) . The results show that the activity of Aptamer A is increased when an ssDNA tail is attached, in comparison with when Aptamer A free in the solution. Presumably, this is due to electrostatic interactions between the negatively charged tail and the positively charged surface amino acids of thrombin, resulting in higher affinity. This observation confirms a previously reported result. 20 The clotting time increased by about 23% when the two aptamers were connected via an ssDNA linker, supporting previously published results. 20 When the complementary strand is added to the ssDNA linker to form the 3HT-BnAn structure, the clotting time increases by another 56%. Thus, increasing the rigidity of the linker over that of ssDNA improves the anticoagulant activity. It has been established that, for the same amount of Aptamer A in the solution, having higher local concentration of Aptamer A by linking multiple copies increases the clotting time significantly due to cooperativity. 11 To verify this hypothesis for the two-aptamer system, Aptamer A was added to the remaining vacant positions on the 3HT-BnAn (see 3HT-BAAn and 3HT-BAAA in Figure 2, B) . Tile concentrations were normalized to 1 μM over the various samples, and the results demonstrate that having more copies of Aptamer A per tile clearly has considerable impact on anticoagulation. This result could be due to an increase of Aptamer A molecules in the solution. This contention was tested by measuring the anticoagulation activity with normalized 1 μM Aptamer A concentration (Figure 2, C) . When normalized for Aptamer A concentration, the results still show increased anticoagulant for 3HT-BAAA, but the effect is less pronounced because the sample contained only 333 nM inhibitor (tile-construct) concentration. Additionally, the two aptamers were tried in various configurations for the dual aptamer system, and these choices will be examined further, below. The clotting time increased by 128% from 3HT-Annn to 3HT-BAnn, which further demonstrates the benefit of Aptamer B on the overall effectiveness of the system due to its high affinity for thrombin.
Because appending additional copies of Aptamer A gave only incremental increases in activity, and because the dual aptamer constructs are less expensive to synthesize, we continued testing using dual aptamer constructs. Our goal was to maximize anticoagulation activity by optimizing the distance between and (C) Stability study of the aptamer activity and its reversal. Free Aptamer A loses its antithrombin activity rapidly, whereas 2HT-BnAn is much more stable with more than 70% of activity still left after 2 hours. Moreover, reversal of the aptamer activity by antidote (at 2:1 antidote to aptamer ratio) is also much more stable in case of 2HT-BnAn in comparison with free Aptamer A. Error bars are not shown here for the sake of clarity. the relative orientation of the two aptamers. Toward this goal, several weave tiles were designed from 1-helix tiles (1HT) to 5-helix tiles (5HT) ( Table 1 and Figure S2 ). Placement of the two aptamers in various configurations over the range of tile sizes provided varying control over inter-aptamer distance. Due to the absence of crossovers, weave tiles are assumed to be nonplanar and are probably curled in the dimension perpendicular to the helix axes (i.e., vertical direction in Figure 1, D) . However, because we do not know the extent of curling, we simply used the calculated distance between the points of attachment of the aptamers to the tile on the planar conformation as the estimated surface distance (ESD). The entire range of ESD values is listed in Table 1 . Here, it was assumed that the diameter of the DNA double-helix was 2 nm, and the distance between adjacent base pairs along the helical axis was 0.34 nm. 29 As can be seen from Table 1 , the ESD range available was from 2.0 nm to 11.2 nm. When the coagulation assay was performed for all the systems (Figure 3) , it was found that there was not a significant difference between the clotting times for 3HT, 4HT, and 5HT, with the exception of 4HT-BnAn. This particular configuration on the 4HT had the best clotting time by a considerable margin. This shows not only that the distance between the two aptamers is optimum (ESD = 9.5 nm), but also that they are placed on the tile in the optimum configuration. A previous study using rigid DNA tiles demonstrated an optimal inter-aptamer spacing within the range of 5.3 to 6.9 nm when monitoring thrombin binding, but anticoagulant activity was not measured. 14 When the data from Table 1 and Figure 3 were combined and plotted ( Figure 5 ), some very useful insights could be gained. First, in the BAnn configurations (blue bars in Figure 3 ) the aptamers are separated by 16 base-pairs of dsDNA (∼5 nm) and the tiles are stiff along the axis of the helix due to the DNA persistence length (∼50 nm) being much higher than that. 30 Aptamer-to-aptamer distance is expected to remain constant irrespective of the number of helices in the tile. Nonetheless, the clotting time steadily increases with tile size (Figures 3 and 5) . Hence, the increase in clotting time must be attributed to the increase in the size of the tile. Bigger tiles would have greater van der Waals interactions between the DNA atoms and surface atoms of thrombin. Moreover, there would be a greater electrostatic force of attraction between negatively charged DNA and positively charged surface residues of thrombin. These two factors would effectively combine, thereby giving rise to higher affinity for the larger tiles. Another interesting inference that can be drawn from the plot is that although there is a slight difference between the inter-aptamer distance in the case of 4HT-BnAn and 5HT-BnnA, the difference between their respective clotting times is significant. This shows that the choice of tile as well as the aptamer configuration on the tile is as important as the inter-aptamer distance. The choice of the tile and the configuration of the aptamers determine the degree of conformational freedom of the aptamers and hence play a crucial role in presenting the aptamers so that they bind in the appropriate orientation. For the dual aptamer systems tested here, the 4HT-BnAn configuration provided the maximum anticoagulant activity and likely represents the best balance of conformational freedom and constraint, such that enthalpic and entropic contributions are balanced to maximize the free energy of association between the DNA nanostructure and thrombin.
As stated earlier, one of the advantages of using DNA aptamers as inhibitors is that they themselves can be functionally modulated by using short complementary oligonucleotide strands as antidotes, thereby providing tight control over aptamer activity. In this study, three DNA antidotes complementary to three different regions of Aptamer A were designed and tested (Figure 4, A) . Different antidote-to-aptamer ratios were tested using 2HT-BnAn as the representative tile to determine what antidote concentration completely reverses the anticoagulant activity of Aptamer A. Figure S4 in the Supplementary Material illustrates that inactivation of aptamer should be nearly complete at 1:1 ratio with some unbound native aptamer still left in solution, whereas at a 2:1 antidote to aptamer ratio, inactivation of aptamer should be complete for all three antidotes. This is verified in coagulation assays of the same (Figure 4, B) . There is only about 5% residual activity after 5 minutes of incubation for 2:1 antidote to aptamer ratio at 37°C. The formula for calculation of residual activity has been mentioned earlier and the PAGE results showing antidote/aptamer interaction are included in the Supplementary Material (Figure S4 and S5) . Figure 5 . Plot of Anticoagulation Activity vs Estimated Surface Distance (ESD). The anticoagulation activity is a function of the ESD between the two aptamers as well as the configuration of aptamers on the tiles. It also depends on the type of tile used. The error bars are same as in Figure 3 and are not shown here for the sake of clarity.
In all the experiments reported here, the various aptamer systems were incubated with the plasma for 5 minutes before triggering the coagulation cascade. Moreover, the antidote experiments also involved a further incubation of only 5 minutes. This shows that antithrombin activity of the dual aptamer system is very rapid, as is its reversal. This finding is an important consideration for therapeutic applications since the aptamer anticoagulant could be rapidly controlled in clinical settings after the completion of surgery if bleeding complications arise. Another key factor to be ascertained is the stability and durability of the system over a longer period. It is vital to determine how long the aptamer system maintains its anticoagulation potential and how effective the antidotes are in keeping it reversed over that period. To determine this, timecourse studies were performed in plasma over 2 at 37°C. The results indicate that the residual anticoagulation potential of Aptamer A is significantly less than that of 2HT-BnAn (Figure 4 , C). It can be inferred that placing Aptamer A on a weave-tile platform increases its stability. Similarly, the reversal of free Aptamer A using antidote is not stable over 2 hours (Figure 4 , C). On the other hand, the reversal of the activity of 2HT-BnAn by various antidotes is very stable and the residual activity is less than 10% even after 2 hours. The loss of activity of aptamers may be attributed to the degradation due to the presence of nucleases in plasma. By incorporating appropriate chemical modifications, the degradation can be minimized and hence it is possible to achieve a considerably more stable system. In summary, we have successfully demonstrated the application of DNA weave-tiles in reliable nano-positioning of multiple thrombin-binding aptamers to create a functional DNA nanostructure. These aptamer-tile systems have then been used as anticoagulants in blood plasma clotting experiments. It was established that these tiles act as a much better platform connecting the two aptamers in comparison with a flexible single-stranded polynucleotide linker. During the process, an optimum two-aptamer complex with an optimum configuration of aptamers on it (4HT-BnAn) was engineered that has significantly higher anticoagulation activity in omparison with other tiles and other configurations. It is imperative to note here that such a system has to be selected via screening of a variety of different tiles with different aptamer arrangements and it cannot be designed by taking pre-existing parameters into consideration. It is evident from the our study that the distance between the two aptamers, their relative configuration on the tile, and the type of tile being used are all crucial factors. The anticoagulation effect of the system is rapid and quite stable. Furthermore, it is possible to conveniently, rapidly, and stably reverse the anticoagulation by adding an antidote strand. Efficient reversal of activity by antidotes gives aptamers a distinct advantage over other therapeutic antagonists such as antibodies, peptides, or other smaller molecules. 22 The study represents a major step toward realizing the application of DNA nanotechnology in therapeutics. It is proposed that the current strategy should be extended to target other key components of the coagulation cascade with suitable choice of aptamers with the goal of engineering the most efficient system for anticoagulation. Moreover, it is recommended that the system presented here be tested in animal models as the first step towards clinical trials.
